The effects of ZnO treatment on the surface and catalytic properties of CuO/Al 2 O 3 were investigated. All the samples studied contained a fixed amount of CuO (13.5 wt%) while the amount of ZnO dopant was varied in the range 0.68-6.46 wt%. The pure and variously doped solids were subjected to heat treatment (precalcination) in the temperature range 400-600ºC. The samples obtained were investigated by XRD methods, nitrogen adsorption at -196ºC and studies of their catalytic influence on the decomposition of H 2 O 2 at 20-40ºC.
INTRODUCTION
Treatment of solid catalyst systems with small amounts of certain foreign oxides induces significant changes in their electrical, magnetic, surface and catalytic properties (Dry and Stone 1955; Amigue and Teichener 1966; Shelef et al. 1968; Bielanski and Nabjar 1972; El-Shobaky and Selim 1978; El-Shobaky and Petro 1979; Gravelle et al. 1969; El-Shobaky and Al-Noaimi 1987; El-Shobaky et al. 1982 , 1983 , 1989a ,b, 1994a , 1997a , 1998c .
The activity and selectivity of a given catalyst can be modified by different treatments besides doping, such as exposure to g-radiation and loading on finely divided support materials (Spalaris et al. 1957; El-Shobaky et al. 1987a ,b, 1988 , 1994b , 1997b Youssef et al. 1990 Youssef et al. , 1992 Abou-Kias and Abou-Kias 1985; Gupta et al. 1980; Kudaleck and Judlova 1984) . However, these methods have a considerable influence on the concentration of catalytically active constituents involved in the catalytic reaction. Thus, in the decomposition of H 2 O 2 conducted over a given solid catalyst, the OH groups present on the surface may act as active sites for the catalytic process. Exposure of *Author to whom all correspondence should be addressed.
CuO/ZnO/Al 2 O 3 solid to different doses of g-radiation brought about an increase in its catalytic activity towards CO oxidation by O 2 (El-Shobaky et al. 1997a ). However, this treatment effected a significant decrease in the catalytic activity of the same solid system in H 2 O 2 decomposition (Fagal et al. 1998) .
The reported increase in the catalytic activity of CuO/ZnO/Al 2 O 3 solid due to irradiation with g-rays has been attributed to fragmentation of the CuO crystallites (El-Shobaky et al. 1987b , 1997a which leads to an increase in the concentration of catalytically active constituents involved in the catalyzed reaction. The reported significant decrease in the catalytic activity of the same solid when irradiated with g-rays and employed in the decomposition of H 2 O 2 has been discussed in terms of the effective removal of OH groups from the surface of the treated solid during the irradiation treatment.
The effect of ZnO treatment of CuO/Al 2 O 3 on its catalytic activity towards CO oxidation by O 2 has been studied by El-Shobaky et al. (1997b) who concluded that such treatment enhanced the durability of the treated solid although decreasing its initial catalytic activity.
The present work has been undertaken in order to study the effect of ZnO treatment of the CuO/ Al 2 O 3 system on the surface and catalytic properties of the latter in an attempt to shed further light on its complexities.
EXPERIMENTAL

Materials
Pure CuO/Al 2 O 3 samples were prepared by impregnating a known amount of finely powdered Al(OH) 3 solid with an aqueous solution containing a known amount of copper nitrate dissolved in the least amount of distilled water necessary to make a paste. The resulting paste was dried to constant weight at 100ºC and then precalcined by heating in air at 400, 500 and 600ºC for 5 h. The nominal composition of the prepared precalcined product was 0.20CuO/Al 2 O 3 . Four ZnO-doped samples were similarly prepared by treating a known mass of finely powdered Al(OH) 3 with a solution containing different proportions of zinc nitrate, dried at 100ºC and precalcined by heating in air at 500ºC for 5 h. The resulting solids were then impregnated with solutions containing known amounts of copper nitrate dissolved in the least amount of distilled water necessary to make a paste. The four resulting pastes were dried at 100ºC and then precalcined by heating in air at 400, 500 or 600ºC for 5 h. The amounts of ZnO present in these various solids were 0.68, 1.70, 3.34 and 6.46 wt% ZnO, respectively. All the chemicals employed were of analytical grade as supplied by BDH Ltd.
Techniques
X-Ray investigations of the pure and variously doped specimens preheated in air at 400-600ºC were undertaken employing a type PW1390 Philips diffractometer. Patterns were run using Ni-filtered Cu radiation (l = 1.5404 Å) at 36 kV and 15 mA at a scanning rate of 2° at 2q/min.
The specific surface areas of the pure and variously doped catalyst samples were determined from nitrogen adsorption isotherms measured at -196ºC using a conventional volumetric apparatus. All samples were degassed under a reduced pressure of 10 -6 Torr before undertaking such measurements.
The catalytic activity of the various catalyst samples was determined by studying the decomposition of H 2 O 2 in their presence at 20, 30 and 40ºC, using 0.2 ml volumes of H 2 O 2 of a known concentration diluted to 20 ml with distilled water. The mass of catalyst sample taken in each kinetic experiment was fixed at 50 mg in all cases. The reaction kinetics were monitored by measuring the volume of O 2 liberated at different time intervals until equilibrium had been attained.
RESULTS AND DISCUSSION
XRD investigations of the pure and doped solids
X-Ray diffractograms of the thermal products of the prepared solids precalcined at 500ºC were measured. Figure 1 depicts the diffractograms obtained. From this figure, it will be seen that the diffractogram of the pure solid precalcined at 500ºC consisted of the diffraction lines of a CuO phase of moderate crystallinity associated with the lines of poorly crystallized g-Al 2 O 3 . Furthermore, the addition of increasing amounts of ZnO to the CuO/Al 2 O 3 mixed solid sample followed by precalcination at 500ºC resulted in a drastic and progressive decrease in the intensity of the diffraction lines associated with the CuO phase without affecting the intensities of the diffraction lines for the g-Al 2 O 3 phase.
The observed decrease in the intensity of the lines corresponding to the CuO phase as a result of treatment with ZnO may be considered to be the result of a progressive decrease in the particle size of the CuO crystallites, i.e. an increase in the degree of dispersion of the CuO crystallites loaded on the g-Al 2 O 3 substrate. Such behaviour could arise from the possible coating of the CuO particles with a ZnO film which hindered or opposed the adhesion of the CuO particles and thereby retarded their grain growth. This finding could also suggest that such ZnO treatment of CuO/Al 2 O 3 solids would effect an increase in the concentration of catalytically active constituents taking part in the catalyzed reaction.
Specific surface areas of the pure and doped solids
The BET surface areas of the variously doped CuO/Al 2 O 3 adsorbents precalcined at 400ºC and 600ºC were determined. The values obtained are listed in Table 1 from which it can be seen that the addition of increasing amounts of ZnO to the mixed solids resulted in a progressive but small increase in their specific surface areas. The maximum increase in the S BET value attained by treatment with 6.46 wt% ZnO amounted to ca. 15% and 23% for the solids precalcined at 400ºC and 600ºC, respectively. , 1998a El-Shobaky and Khalil 1998) . The small increase observed in the specific surface areas of the ZnO-treated adsorbents may be attributed to the formation of new pores due to the liberation of gaseous nitrogen oxides during heat treatment of the zinc nitrate substrate added. 
Catalytic activities of the pure and doped solids
Preliminary experiments showed that Al 2 O 3 and ZnO solids obtained by the thermal treatment of Al(OH) 3 and Zn(NO 3 ) 2 in air at 500ºC exhibited no catalytic activity whatsoever in the decomposition of H 2 O 2 measured over the temperature range 20-40ºC. For the pure and variously doped 0.20CuO/Al 2 O 3 solids, the results obtained showed that the reaction followed first-order kinetics in all cases. This is demonstrated by Figure 2 which depicts the plots obtained for the catalyzed reaction at 30ºC over the pure and variously doped solids precalcined at 400ºC. The slopes of the first-order plots allowed the ready determination of the reaction rate constant, k, as measured at a given temperature over a given catalyst sample. Figure 3 shows the variation of k as a function of dopant concentration for the reaction carried out at 20-40ºC over different solids precalcined at 400ºC and demonstrates that the catalytic activity increased progressively on increasing the amount of dopant in the system to reach a maximum value at 1.70 wt% ZnO. Increasing the amount of ZnO in the system above this limit led to a progressive decrease in the catalytic activity of the treated catalysts, although the final value observed at the highest addition of ZnO (6.46 wt%) was still higher than that measured for the untreated catalyst samples. The maximum increase in the catalytic activity measured at 30ºC due to the presence of 1.70 wt% ZnO attained a value of ca. 67% for the solid precalcined at 400ºC. It has been demonstrated above that doping CuO/Al 2 O 3 with ZnO followed by precalcination at 400ºC or 600ºC caused a slight modification of the specific surface area. To account for this change in S BET value, the values of the reaction rate constant per unit surface area, _ k, were calculated for the catalyzed reaction conducted at 20, 30 and 40ºC over the pure and doped solids precalcined at 400ºC or 600ºC, respectively. The data obtained are listed in Table 2 and indicate the following:
1. The addition of increasing amounts of ZnO to CuO/Al 2 O 3 mixed solids followed by precalcination at 400-600ºC effected a progressive increase in the values of _ k for the reaction when the latter was conducted at various temperatures in the range 20-40ºC. 2. However, as for the k values obtained, a maximum limit occurred in the values of _ k after the addition of 1.70 wt% ZnO. The observed increase in the catalytic activity of CuO/Al 2 O 3 solids as a result of their treatment with ZnO solids results from an effective increase in the concentration of catalytically active constituents (presumably surface copper species) taking part in the catalysis of the decomposition of H 2 O 2 . In fact, the XRD results obtained in the present work showed that such ZnO treatment followed by precalcination at 500ºC led to a significant decrease in the particle size of the CuO crystallites which became so small as to remain undetected by the techniques employed. In effect, such treatment led to an effective increase in the concentration of CuO species in the mixed solid samples. However, the decrease noted in the value of k when the dopant concentration exceeded 1.70 wt% ZnO may be attributed to the location of the ZnO species in the upper surface layers of the treated catalysts, thereby leading to the blockage of a portion of the catalyst surface. This behaviour might be accompanied by a progressive decrease in the concentration of active sites involved in the catalyzed reaction. This speculation is based on the fact that ZnO itself showed no catalytic activity in the decomposition of H 2 O 2 . The greater the amount of ZnO added, the greater the portion of the catalyst surface blocked and hence the smaller the activity of the treated catalyst.
The determination of the apparent activation energy, DE, for the catalysis of H 2 O 2 decomposition in the presence of pure and ZnO-doped CuO/Al 2 O 3 mixed solids has shed some light on the possible changes in the mechanism of the catalyzed reaction and provided useful information regarding the possible change in the concentration and nature of the catalytically active constituents involved. Thus, values of k as measured at 20, 30 and 40ºC over the variously doped solids precalcined in the temperature range 400-600ºC have allowed DE to be obtained via a direct application of the Arrhenius equation. The values of DE thus obtained are listed in Table 3 .
Inspection of the data listed in Table 3 reveal the following:
1. Doping of CuO/Al 2 O 3 mixed solids with ZnO followed by precalcination at 400ºC did not affect the values of DE although the catalytic activity of the solids increased with increasing amounts of dopant up to a maximum dopant concentration of 1.70 wt%. 2. Treatment of the investigated catalysts with increasing amounts of ZnO followed by precalcination at either 500ºC or 600ºC effected a progressive decrease in the DE values which fell to a minimum value at a dopant concentration of 1.70 wt% ZnO but then increased on further addition of dopant above this limit. It should be noted, however, that when followed by precalcination at 500ºC or 600ºC, the doping process was accompanied by changes in the value of the Arrhenius pre-exponential factor (ln A) which varied between 19.10 and 23.35 for samples precalcined at 500ºC and between 22.19 and 26.40 for samples precalcined at 600ºC. Such variations reflect the heterogeneous nature of the catalyst surface.
To account for this heterogeneity, the activation energies for the catalytic reaction were recalculated adopting the value of ln A for the untreated catalyst samples precalcined at 400, 500 or 600ºC, respectively, for the doped samples precalcined at the same temperature. The resulting DE* values were virtually the same (within experimental error) for the pure and variously ZnO-doped CuO/ Al 2 O 3 samples provided that the same precalcination temperature was employed.
This result demonstrates that ZnO treatment of the mixed solids studied did not change the mechanism of the catalytic reaction when conducted over such materials but rather changed the concentration of catalytically active sites on the catalyst surface. This conclusion was further supported by an analysis of the dissipation function for the energy of the active sites arising from surface heterogeneity (Balandin 1953):
F(E i ) = a exp(hE i ) where E i is the interaction energy of site 'i' with the substrate. This equation may be converted into the form: A = a exp(hDE) thereby suggesting that a plot of ln A versus DE for the variously treated catalyst samples should yield a straight line whose slope and intercept would allow evaluation of the constants h and a, respectively. 
